Proteins were coupled to activated CNBr Sepharose beads (Pharmacia) according to supplier instructions. Supernatants from transfected cells were added to coupled beads for 2h at room temperature (RT). Beads were then washed 6x with PBS plus 0.02% Tween 20, and SDS loading buffer was added. Samples were boiled and subjected to Western blotting.
Lipid raft fractionation of HEK cells and tecta
Proteins (4Ig, 2mg/ml; N-Raft, 1mg/mL; RGMa∆, 5mg/ml; methyl-β-cyclodextrin (10mM)) were injected in chick E8 optic tectum and tecta were collected 24hrs later. HEK cells were transfected with Neogenin and d i f f e r e n t RGMa constructs and collected 48hrs later. For treatment with RGMa∆, Neogenin transfected cells were treated with RGMa∆ (2mg/ml) and BMP-2(100nM) and further incubated for 1 hr at 37 o C. Tecta (3 tecta for each set of experiment) a nd /or cells w e r e solubilized in chilled buffer (25mM Tris-HCl, pH 7.4, 150mM NaCl, 5mM EDTA and protease inhibitor cocktail) and passed through G25 and G30 needles, respectively, and centrifuged at 800g for 10min at 4 o C. Cold Triton X-100 was added to the post nuclear supernatant to a final 1% and incubated on ice for 1 hour. 2X volume of 2M sucrose was added and sample placed at the bottom of a sucrose density gradient (0.9-0.8-0.75-0.7-0.6-0.5-0.4-0.2 M) and centrifuged at 38,000 rpm for 16 hours in SW 60 rotor (Beckman Instruments Inc.). 400µl fractions were collected from top (top numbered 1 and next eight fractions numbered consequently) and stored at -80 o C.
In ovo electroporation and DiI tracing
Eggs (White Leghorn) were incubated at 38°C in a high humidity chamber. A small amount of viral solution (viral titers of 1 x 10 8 IU/ml) was mixed with 1/10 volume of 0.25% fast green solution (Molecular Probes) and injected in the tectum at E1.5. Eggs were further incubated until E15, when a small DiI crystal (Molecular Probes) was placed in the temporo-dorsal part of the right eye. At E17, embryos were sacrificed and the tecta fixed in 4% PFA. DiI tracing was viewed under the microscope (Olympus BX61) after cutting the tecta in half. Digital Images of the tecta were taken and processed using Photoshop (Adobe). Alternatively, plasmid constructs were electroporated into the optic vesicle to restrict expression to the eye and tracing performed as above.
Statistical analysis
Statistical analysis of retinal outgrowth assays was performed using Student's two-tail t-test using Excel (Microsoft). Results are expressed as the mean ± SEM (n=at least 3 independent experiments; 2 duplicates per independent experiment, >10 explants per duplicate).
Immunocolocalization protocol
Retinal explants were cultured on Laminin for 18 hours at 37 o C, treated with Cholera Toxin B-FITC (C1655; Sigma; 10mg/mL) followed by patching with anti-Cholera Toxin B antibody (ab35988; abcam; 1:1000), and fixed in 4% PFA. For co-localization staining with Neogenin, explants were blocked with 5% FBS/PBS and incubated with a Neogenin antibody (H-175; Santa Cruz; 1:200), followed by anti-rabbit Alexa 555 secondary antibody (molecular probes; 1:250). For co-localization of Cholera Toxin and F-actin, explants were treated with Cholera Toxin and patched as above and stained with Alexa555-flour-phalloidin. For co-localization of Neogenin and RGMaHis, DRG neurons were prepared from chick E8 embryos, electroporated with RGMa-His using Amaxa Nucleofector Kit (Lonza), plated on Laminin coated coverslips and cultured for 18hrs. The cells were fixed, washed, blocked in 5% FBS and co-stained with Neogenin (H-175; Santa Cruz; 1:200) and His antibody (abm; 1:1000). DRGs were incubated with anti-rabbit Alexa 555 and antimouse Alexa 488 antibodies (molecular probes; 1:250).
Image analysis
Growth cones of retinal ganglion cells and DRG neurons were imaged on Olympus BX61
microscope. Z stack images were taken in both the red (Neogenin) and green (Cholera Toxin B or RGMa) channels, and combined into a single layer by using the "maximum projection over z"
features of the program. The degree of colocalization of the two colors was quantified using "Image J with intensity correlation analysis plugin". Intensity correlation analysis (ICA) measures whether the intensities of the two channels vary in synchrony (dependent staining) or asynchronously (segregated staining).
Quantitative Co-localization Analysis
The quantitative colocalization analysis was done using ImageJ software with Intensity Correlation Analysis (ICA) plugin (WCIF ImageJ) (Li et al.2004 , Puglisi et al. 2013 . The ICQ values range between -0.5 and +0.5. Random staining: ICQ~0; Segregated staining: 0> ICQ > -0.5; Dependent staining: 0<ICQ <+0.5. Tests for significance are performed by means of the normal approximation of the sign test (P sign test )."
Cell Death assay:
HEK293 cells that stably express RGMa were used in this assay. Transient transfection of a Neogenin expressing plasmid (1µg/µl) was done using lipofectamin 2000. After transfection, cells
were incubated for 24 h in 5% CO2 and trypan blue (SIGMA) staining was performed to assess cellular death.
Dissociated Retinal ganglion cells rescue assay:
Dissociated Retinal ganglion cells were prepared from E7 chick embryos. Retinas were dissected out in HBSS, trypsinized and cultured in DMEM/F12 media with 10% calf serum and N2 supplement.
The cells were nucleofected with pRFP control shRNA, shRNA 37 against chick RGMa, and both shRNA 37 and mouse RGMa using nuclefector kit (Amaxa Chicken Neuron Nucleofector kit, Lonza). The cells were plated (500,000 cells/well) on coverslips coated with either laminin (10µg/ml) or laminin with N-RGMa (10µg), C-RGMa (10µg) or RGMaΔ (20µg) proteins and grown for 18 hrs. The cells were fixed in 4% paraformaldehyde and stained with β-tubulin antibody (Covance; 1:1000) for 1hour at RT, followed by Alexa fluor488 goat anti mouse secondary antibody was used (1:500) for 1hr at RT. The images of transfected cells were taken using Olympus fluorescence microscope (BX61). The length of axons of transfected cells was measured from each condition (at least 40 cells/condition/experiment) using cellSens (Olympus).
Staining of RGMa in growth cones of dissociated retinal ganglion cells:
To view RGMa silencing in growth cones, dissociated retinal ganglion cells were prepared as above and nucleofected with shRNA 37 and 21 and control shRNA all expressing RFP. The nucleofected cells were plated on coverslips coated with laminin (10µg/ml), cultured and fixed after 18hrs using 4% paraformaldehyde and stained using RGMa antibody (7A2: supernatant from hybridoma cells targeting the C terminal part of RGMa) overnight at 4 o C. Cells were further incubated with Alexafluor 488 anti-mouse secondary antibody for 1hr at RT. The growth cones from the nucleofected retinal ganglion cells were imaged using Olympus fluorescence microscope (BX61).
Western Blot analysis of RGMa downregulation:
HEK cells were co-transfected with either chick RGMa or mouse RGMa tagged with his antibody and control shRNA, shRNA 37, shRNA 21 using PEI (Polysciences Inc.). The cells were incubated for 72 hours and lysed using RIPA buffer and protease inhibitor cocktail. The cell lysates we run on
Western Blots and probed with his antibody (abm 1:1000) for 1hr at RT. Odyssey goat anti mouse secondary antibody (1:4000; LI-COR) was used for 1hr at RT. Coomassie staining was done to ascertain equal total protein loading for each condition.
Optic Nerve Crush
All animals were female Sprague-Dawley rats weighing 250-300g which were kept in a pathogen free environment and cared for according to the Canadian Council on animal care. The procedures for optic nerve crush have been detailed previously (Monnier et al., 2011) . Briefly, seven days before the nerve crush, animals received stereotaxic injections of 2% Fluorogold into the superior colliculus target of RGCs. A Foredoom Micro Motor drill attached to a stereotaxic arm was used to drill holes in the skull above the superior colliculus bilaterally. Injections were performed using a 10-µl Hamilton syringe actuated by a computer controlled Picopump (World Precision Instruments).
Two injections, each consisting of 3µl of Fluorogold solution, were delivered at different depths within the superior colliculus at an injection rate of 500 nl/min. The needle was left in place for 10 min after each injection and slowly withdrawn to prevent reflux of the injected solutions up the needle tract. Additionally, for crushing nerve surgical procedures, animals were placed in a stereotaxic frame and ventilated with isoflurane (2%; 0.8 L/min O2) through a gas anesthesia mask.
The nerve was accessed through an incision in the superior rim of the orbit, following retraction of the overlying rectus muscles. The optic nerve was crushed using fine self-closing forceps for 6 seconds. Eventually, the orbital contents were gently returned to their original location and the initial incision was closed. Following surgery under a heat lamp, animal were maintained at 37°C in the normothermic condition and they were given Ketoprofen (5 mg/mL, dosage for rats: 0.1 mL/100 g bodyweight) and sterile saline to ease postsurgical recovery.
Injection protocol and medications
In order to evaluate the effects of 4Ig ,N-Raft ,and MβCD on RGC survival and regeneration after optic nerve crush, we delivered 4 µl intraocular injection of 4Ig (250ng/µl) and N-Raft (150ng/µl) solutions at 3 and 10 days after injury. Additionally, these two groups received 4Ig and N-Raft in a dose of 1 mg/kg, via intrajugular vein at 3 and 10 days postcrush. Separately, animals in MβCD group, received intraperitoneal injection of MβCD at 1000 mg/kg/week for 3 weeks after nerve crush on a once-a-day schedule (Grosse et al., 1998) .
Intraocular injection
Intraocular injections were described previously . Briefly, the rats were initially anesthetized with 2% isoflurane in a mix of O 2 and then the cornea was anesthetized using Alcaine eye drops (Alcon) prior to intraocular injections. A pulled glass micropipet attached to a 10 μl Hamilton syringe via a hydraulic coupling through PEEK tubing was used to deliver 4Ig, and NRaft solution into the vitreous chamber of the eye, posterior to the limbus .
The pipette was held in place for 5 s after injection and slowly withdrawn from the eye to prevent reflux. Following injection, the cornea was covered with ophthalmic ointment to prevent desiccation and animals were returned to their normal housing.
Quantification of RGC Survival after Injury
Animals were euthanized at 21 days after nerve crush and the eyes were enucleated, the cornea and lens were removed, and the remaining eye cups containing the retinas were fixed in 4%
paraformaldehyde for 1 hour. The retinas were then removed, flat-mounted, and coverslipped using 50:50 glycerol/ PBS. Fluorogold staining in RGCs was visualized using an Andor iXon 885+
electron-multiplying charge -coupled device cameras attached to a Leica DM LFSA microscope.
Moreover, Sutter Lambda XL (Quorum Technologies, Guelph, Canada) with a liquid light guide was used as a source of illumination. The densities of RGC were measured at the inner (1/6 retinal eccentricity), midperiphery (1/2 retinal eccentricity), or outer retina (5/6 retinal eccentricity) of each quadrant of the flat-mount (defined distances from the center of the retina). This cell count was divided by a factor of 0.08, to yield an extrapolated RGC density per unit area of cells/mm2 Monnier et al., 2011) .
Quantification of RGC Regeneration, intraretinal integrity and GAP-43
Immunohistochemistry
Quantification of RGC regeneration and intraretinal integrity has been previously described Monnier et al., 2011) . Firstly, RGC axon regeneration and intraretinal integrity was examined at twenty-one days after optic nerve crush, The anterograde labeling of RGCs was occurred two days before removal of the nerve and fixation, the anterograde tracer FITCconjugated cholera toxin type B (CTB-FITC) was injected into the vitreous chamber of the eye to trace axons actively. CTB-FITC is anterogradly transported within the axon to reach the synaptic membrane.
RGC axon regeneration was examined at Twenty-one days after optic nerve crush, animals were perfused with 4% paraformaldehyde via the ascending aorta, while the descending aorta was clamped off, and the optic nerves were removed. The nerves were post-fixed overnight in the same fixative solution plus 30% sucrose in PBS for 7 days at 4 0 C. The fixed nerves were consecutively sectioned at 14 μm in thickness with a Leica CM1950 cryostat microtome. The slides were first incubated overnight at 4 0 C in primary antisera directed against growth associated protein-43 (GAP-43), a marker of regenerating retinal ganglion cell axons in both neonatal and adult RGCs (Berry et al., 1996; Leon et al., 2000; Magharious et al., 2011; Mansour-Robaey et al., 1994) . Primary antisera (rabbit polyclonal, 1:250, Cell Signaling Technology/NEB) were diluted in PBS containing 0.3%
Triton X-100 and 3% normal goat serum. Following primary antibody incubation, sections were rinsed three times for 15 minutes in PBS and followed by three hours incubation with FITC labeled secondary antibody at room temperature.
The slides were then rinsed three times for 15 minutes in PBS before cover slipping with 50:50 glycerol/PBS (Monnier et al., 2011) . The total number of regenerating axon growth cones within bins of the optic nerve, beginning anterior to the crush site and proceeding distally, were quantified.
The bins were as follows: 0-250, 250-500, and >500 μm. A total of four equally spaced sections through the width of each optic nerve were examined and quantified using a Leica DM LFSA microscope (20×objective) with an Andor iXon 885+ camera, with EMgain applied.
Statistical AnalysisDensities of RGCs and the number of regenerating axons were presented as mean ± SEM and analyzed with one-way analysis of variance followed by the Tukey test. Densities of RGCs were grouped by retinal eccentricity (inner, middle, outer) .Differences were considered significant when p < 0.05.
Spinal Cord Injury
All animal published protocols (Rivlin and Tator, 1978) . This is a clinically relevant model of SCI reflecting human pathology (De Girolami et al., 2002; Tator and Poon, 2009 ). In the 4Ig and equivalent control group, 4Ig or vehicle was injected intraspinally immediately following SCI. A total of 2 injections (250ng/µL, 3 µL each) were made 1 mm rostral and 1mm caudal to the lesion site and adjacent to the midline vein. Injections were made stereotactically with the aid of an operating microscope using a motorized microinjector at a rate of 1.5μl/min with a 10 μl Hamilton syringe and a customized 32 G needle, as we have previously described (Mothe and Tator, 2008) . The needle was left in place for an additional 2 min after injection to prevent leakage. The overlying muscle and skin were sutured with 3-0 vicryl sutures (Johnson and Johnson, Peterborough ON, Canada).
Immediately following SCI, the 4Ig treated rats also received a 1 mg.kg -1 dose of 4Ig i.v. via the intrajugular vein and subsequent i.v. injections weekly for 2 more weeks. Rats in the MβCD group received intraperitoneal injection of MβCD at 1000 mg.kg -1 . week -1 (Grosse et al., 1998) immediately following SCI and then daily i.p. injections until sacrifice. Control rats received equivalent volumes as described above. Bladders were evacuated manually 3 times daily until spontaneous voiding was established, and hematuria or urinary tract infection was treated with Clavomax (62.5 mg PO BID for 7 days). The rats were housed singly in a temperature-controlled room at 26 o C with a 12 hour light/dark cycle. Water and food were provided ad libitum.
Intrathecal Infusion
In a separate experiment to assess local delivery of 4Ig, 19 adult female Wistar rats were injured and injected rostral and caudal to the lesion site with 4Ig or phosphate-buffered saline (PBS) as described above. Immediately after the intraspinal injections, 4Ig was delivered intrathecally through a polyurethane catheter (Alzet Model No. 0007741; Alzet Osmotic Pumps, Cupertino, CA) attached to a mini-osmotic pump (Alzet Model No. 2002) . 233uL of 4Ig (1ug/uL) was injected into the miniosmotic pump. An equal volume of PBS was used as a control in animals not receiving 4Ig. The pump was primed in sterile saline at 37°C overnight. A small midline durotomy was made at T9 through which the catheter was inserted into the intrathecal space. The tip of the catheter was directed rostrally to the T7 level, which was approximately 1mm rostral to the site of the rostral injection of 4Ig. The catheter and pump were sutured extensively to the subcutaneous tissues. 4Ig or PBS were then intrathecally delivered continuously for 14 days (0.5uL/hr) via the catheter and pump system.
Functional analysis
Functional tests were performed before the injury, 1 day, and then weekly for 6 weeks post-SCI.
Locomotor function was evaluated using the BBB locomotor rating scale (Basso et al., 1995) . Rats were placed individually in an open field with a non-slippery surface and 2 independent examiners, blinded to treatments, observed and video-recorded hindlimb movements for 4 min and assessed the animal's function including joint movements, stepping ability, coordination, paw placement, and toe clearance (Basso et al., 1995) . A score of 0 indicates no hindlimb movement, a score of 21 indicates unimpaired locomotion as observed in Control. Motor subscores were determined as previously reported (Dijkstra et al., 2006; Lankhorst et al., 1999) to assess toe clearance, predominant paw position and absence of instability. A maximal motor subscore of 7 means normal locomotion.
Ladder-walk analysis with apparatus previously described (Metz and Whishaw, 2002) was done to assess fine motor functions. Rats were trained for a week pre-SCI to cross a horizontal ladder. At 1 week post-SCI and weekly thereafter, rats with a BBB score >10 were placed on the horizontal ladder-walk apparatus and 3 test runs were recorded. Recordings were analyzed in slow motion; the number of footfalls per hindlimb was recorded and the average was calculated for each rat per week.
Injured rats with dragging hindlimbs were scored the maximum footfalls of 12. Uninjured rats had 0 or occasionally 1 footfall per crossing. The relative success rate on the test was calculated as previously described (Starkey et al., 2011) .
Tissue Preparation, Immunostaining, and Quantitative Analysis
Rats were sacrificed at 6 weeks after SCI following weekly behavioural assessment. imaged with identical settings and exposure times using a Nikon Eclipse TE 300 microscope and NIS Elements BR v.3.1 software. Three sections with maximal cavitation and similar dorsal-ventral distance were examined per animal. The number of CC1 + cells in a field (2.9 x 10 5 um 2 area) were counted both rostral and caudal within 600 um from the edge of the lesion in each section. To quantify GFAP immunoreactivity, immunostained sections were imaged with identical settings and exposure times using a Nikon Eclipse TE 300 microscope and NIS Elements BR v.3.1 software.
Three sections with maximal cavitation and similar dorsal-ventral distance were examined per rat.
For each section, the sum intensity values of three regions (1.1 x 10 6 um 2 area) were determined at 0.45mm and 1.8mm from the edge of the lesion both rostrally and caudally. For each region, mean intensity values were averaged per group.
To quantify lesion volume, every eighth parasagittal section was processed for luxol fast blue and
hemotoxylin & eosin (LFB/H&E) for tissue morphology. The sections were imaged with a Nikon
Eclipse TE 300 microscope and the area of cavitation of each section was traced using Nikon NIS Elements v.3.1 software. Any necrotic tissue within the cavities was counted as part of the lesion.
The total cavity volume was calculated by summation of the measured area of each section multiplied by the inter-section distance, as previously described (Mothe et al. 2013 ).
Anterograde axonal tracing of the corticospinal tract (CST) with biotin dextran amine (BDA)
To visualize axons from the CST, anterograde axonal tracing with BDA was performed 6 weeks after SCI following completion of the functional assessment. Animals (n=3-4) from each group were randomly selected for BDA injection. Under deep anesthesia with 2% isofluorane with 1:2 NO: O 2 , rats were positioned in a stereotaxic frame and craniotomy was performed bilaterally to expose the sensorimotor cortex. BDA (10%, 10,000 MW; Invitrogen (Life Technologies)) was dissolved in 0.01M PBS and injected at 6 sites in each sensorimotor cortex using the following coordinates in 
Statistical Analysis
Functional tests were analyzed by two-way repeated-measures ANOVA comparing groups versus time points followed by post-hoc pairwise multiple comparisons using the Bonferroni method.
Differences in cell counts were analyzed using one-way ANOVA, followed by pairwise multiple comparisons using the Bonferroni test. Data are presented as mean ± standard error. Differences were considered significant when p < 0.05. (A) Different RGMa-AP proteins were incubated on wells coated with the 4Ig 6FNIIIor BSA.
Caspase-3 and
Binding was revealed by adding a colorimetric substrate p-Nitrophenyl Phosphate, which reveals presence of the AP tag, and the absorbance at 405nm was measured using a plate reader. Data are average ± SEM (n=3 independent experiments), *p<0.005. BMP2 (100nM) was added to the medium 1 hour before cells were collected. Western blotting was performed following lipid raft fractionation. Flotillin was used as a marker for lipid raft fractions, whereas the transferrin receptor (TfR) was used as a marker for heavy membrane-fractions. Every experiment was repeated twice. Western Blots for Neogenin were done with the ab AF 1079, which recognizes both isoforms.
In the first set of experiments, cells were only transfected with Neogenin. In cell-membranes from that study, Neogenin co-localized with the marker for heavy membranes TfR and no co-localization with the lipid raft marker Flotillin was observed.
In the second set, full length Neogenin and RGMa were transfected and the 180 kDa Neogenin band localized to the lipid raft fractions that contain flotillin.
In the third and fourth set, when either 4Ig truncation of Neogenin (Neo (4Ig del)) or a N-RGMa (N-Raft) truncation of RGMa (RGMa (28-73 del)) were transfected, Neogenin was no longer present in flotillin containing raft fractions. This suggests that an interaction between 4Ig and N-RGMa (N-Raft) is required for Neogenin presence in lipid rafts. Thus, the effect of shRNA37 results from a specific silencing of RGMa.
All data are the mean axonal length ±SEM (n= 6 independent experiments). Data are average ± SEM (n=6 independent experiments), *p<0.01.
(D) MβCD treatment of retinal explants changes Neogenin colocalization to heavier fractions.
Chick explants were treated MβCD (10mM) to deplete cholesterol for 1 hour before preparing membrane fractionations. In these experiments, Neogenin co-localized with the transferrin receptor A cell line that stably expresses RGMa was generated in HEK-293 cells. Membranes from control and RGMa-expressing stable line were prepared for analysis. Western Blot analysis was performed on samples that were loaded in the absence of DTT (to preserve disulfide bridges). An anti-RGMa antibody reveals the presence of the expected 55kDa band in the stable cell line. This band was absent in the control.
(B) GFP electroporation does not cause apoptosis in the chick tectum.
E5 tecta were electroporated with a GFP-expressing plasmid and one day later, tecta were removed and apoptotic cell death was determined using TUNEL analysis on sections. The GFP staining indicated that tecta were electroporated successfully. TUNEL staining revealed that GFP electroporation did not induce apoptosis. Thus, electroporation of GFP dis not induce apoptotic death. These effects were seen across the entire surface of the retina, from mid-periphery to the outer retina. Supplementary Fig. 1 Neog.
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